Helmholtz absorbers are a common solution for controlling the low-frequency modes found in small rooms. These devices only perform in a narrow spectrum range with the tuning depending on each room's geometrical configurations. Consequently, their development still operates on a case-by-case basis. A possible alternative to optimize the production of these acoustic solutions is the development of a tunable Helmholtz absorber capable of changing its geometrical configurations according to each room's acoustic needs. The present work shares the results of tests performed on varied samples of different configurations of absorbers. The samples were chosen aiming the control of the three first modes of each direction in rooms with volume ranging from 20 to 60 m 3 . The research revealed that the use of a single tunable absorber has the potential to produce sound absorption coefficients higher than 0.8 in almost the entirety of the frequency spectrum considered.
Introduction
Helmholtz absorbers (perforated panels, resonant absorbers) have frequently been applied as a solution for modal problems in small rooms, mostly due to the simplicity of their system and its effectiveness within the first frequencies of the spectrum. [1] [2] [3] [4] [5] [6] Considering that the system only performs within narrow bands, the proper development of these absorbers depends on the unique geometrical configuration of the rooms that will be conditioned or the modal fields that will be homogenized.
A growing number of studies pursuing the development of solutions based on Helmholtz absorbers that operate in broader bands of the spectrum have been carried out. [7] [8] [9] [10] In particular, one alternative that stands out due to its simplicity and performance is the micro-perforated panel absorber (MPP), a system containing panel perforations with submillimetric dimensions. This feature provides low reactance and high resistance in a proportion sufficient enough for the system to operate in broader bands without the use of porous materials acting as dampers. 11 On the contrary, as stated by Tao et al., 12 extending the absorption bandwidth below 200 Hz is a big challenge for MPP absorber application. Li et al. 13 performed a review on works that aimed the optimization of the MPP at low frequencies. However, the revised alternatives (including that of the authors) do not contemplate or have not been investigated at frequencies lower than 100 Hz, a range in which small rooms commonly present significant modal problems.
This same frequency limitation is found in more complex absorption systems, as is the case with some of the acoustic meta-surface-based absorbers. 14, 15 Despite the potential to produce the next generation of acoustical materials and devices, 16 the proposals lack optimizations needed if they are to be considered complete solutions to modal problems. Active solutions 12, 17 can offer sound absorption in broad bands for frequencies lower than 100 Hz. They present, nevertheless, high production and implementation costs. 18 Another alternative to optimize Helmholtz absorbers is the development of tunable solutions. [19] [20] [21] Instead of providing performance within broad bands, this type of absorber is designed to allow adjustments in the respective resonant frequency depending on the acoustic field to be conditioned. The tuning process depends on geometrical modifications allowed by and performed on the system, which can be achieved without impairing the simplicity of the Helmholtz absorber. The studies conducted by Konishi et al. 19 and Wu et al. 20 do not view modal control as the final application of the solutions, which stand out exclusively by their tuning capacity. Souza and Patraquim, 21 on the contrary, used theoretical models to evaluate the performance of the proposed solution to the modal problems commonly found in small rooms (volumes up to 60 m 3 ), thus considering the first frequencies of the audible spectrum. The authors state that the theoretical findings lack experimental investigations.
Although the acoustic behavior of the Helmholtz absorbers is well known, experimental barriers still impose gaps in the actual description of the possible variations of the device, especially in relation to performance at extremely low frequencies. The acquisition of the sound absorption coefficient using the reverberation room method, as described in ISO 354, 22 is limited precisely by the low modal density present in the experimental environment for frequencies lower than 100 Hz. In situ methods, as the one proposed by Takahashi et al., 23 provide results whose accuracy at low frequency is dependent on sample size, a limiting factor when investigating variations of absorbers. In addition, the accuracy of in situ methods is also subject to the modal problems of the environment where it will be applied. 6, 24 The impedance tube methods, as described in ISO 10534-1 25 and ISO 10534-2, 26 offer the possibility of analysis in frequencies lower than 100 Hz. For this, they require experimental setups of specific dimensions that are not found in the market.
Considering these relevant gaps, the present work analyses the acoustic performance of Helmholtz absorbers in the control of modes found in rectangular rooms of up to 60 m 3 , specially regarding its sound absorption coefficient and manufacturing practicality. The analysis was based on experimental results obtained from multiple samples with different configurations tested on an appropriate impedance tube specifically designed for this purpose. These results were used to propose a tunable Helmholtz absorber and were later compared with part of Souza and Patraquim's 21 theoretical findings.
Theoretical background

Helmholtz absorber
A Helmholtz absorber is made of a perforated panel and a rigid backing, both separated by an air cavity. The thickness of the perforated panel, the amount of perforations (or the distance between them, in the case of a symmetric distribution), the radius of each perforation, and the thickness of the air cavity (the distance between the panel and the rigid backing), all define the resonant frequency of the system and differ one configuration from the other. 5 In some cases, higher efficiency is noted when attaching a board made of porous material that can be positioned on the rigid backing or on the perforated panel. Parreira 27 provides the theoretical model that describes the acoustic behavior of the system in its varied configurations, from which the resonant frequencies (i.e. frequencies relative to the absorption peaks) employed in the theoretical and experimental comparison were extracted.
The absorber's opening rate η is defined by the ratio between the opening area (area a of each perforation multiplied by the total number of perforations n) and the sample area (total panel area L 2 ). Commonly, the perforations are symmetrically distributed along the panel, which allows the opening rate to be described in terms of the distribution pattern (e.g. quadrilateral or triangular) and the distance between the perforations. 28 However, as some panels used in the present work presented asymmetric distribution, equation (1) The authors verified that for the sound absorption to cover the entire required spectrum, a set of four absorbers of distinct configurations made with systems that allow variations in the perforation diameters 2r were required. According to the example given (although not tested), this system could be the result of overlapping one panel with another equally perforated panel, which may or may not be fully aligned. Each of the four configurations presents different distances D between the perforations and a different thickness of the air cavity C and of the porous material p ( Table 1) . The authors were able to determine that porous material should preferably be positioned on the panel and that the improvements obtained in the frequency of the mode relative to the longest direction were, in general, small. Still, Souza and Patraquim 21 point out that these conclusions still require further experimental substantiation, which motivated the present work. 
Modal control analysis in rooms
The analysis of the application of Helmholtz absorbers in small rooms was based on the theoretical study conducted by Souza and Patraquim. 21 The authors opted for rooms with ceiling height ranging from 2.4 to 2.7 m (in steps of 0.1) and for ratios between the floor plan dimensions ranging from 1 to 2 (in steps of 0.2). This implies 125 possible rooms with distinct geometric configurations and with volumes varying between 20 and 60 m 3 . Only the first three axial acoustic modes (i.e. the modes with highest acoustic energy) were considered for each dimension of the chosen rooms. According to the design equation given by Kuttruff, 29 this results in modal frequencies ranging from 24 to 273 Hz, an interval that guided the selection of the variations of sample absorbers to be experimentally investigated.
Using the perforated panel model for normal incidence given by Cox and D'Antonio, 5 taking into account only the three first modes of each direction and assessing the rooms' response under a permanent regime (via the transfer function between sound pressure and volume velocity of a point sound source applied in a corner), Souza and Patraquim 21 concluded that the application of absorbers on surfaces parallel to the direction of the targeted acoustic mode is not efficient. Consequently, the discussion on the present work regarding the performance of the studied absorbers was exclusively based on their applications in the surfaces orthogonal to the considered direction.
The graph showing frequency response and modal distribution presented in the discussion session was generated using Room EQ Wizard, a free room acoustics analysis software (www.roomeqwizard.com).
Materials and methods
Samples
The samples studied were composed of squared 15-mm-thick MDF panels with 300-mm-long sides, as demanded by the experimental apparatus. A steady 9.5 mm (exactly 3/8 in) perforation diameter was kept throughout the entire experiment. The only parameter that was altered on the panels was the number of perforations. In order to optimize the experimental procedure, a single panel with a total of 49 equally spaced (37.5 mm) perforations was posteriorly employed. In samples with a lower opening rate, the unnecessary perforations were then filled with dowels (15 mm in length and 10 mm in diameter for a tight fit). The distribution of the perforations followed the pattern shown in the illustration of Figure 1 (main pattern). A photograph of the panel with the dowel filling system is shown as well. As the perforations were closed in descending sequence down to the desired number for each sample, in some cases asymmetric distributions were obtained. Consequently, the present work uses equation (1) instead of the distance between perforations to describe the opening rates of the samples, which ranged from 0.08% (one perforation) to 3.82% (49 perforations).
Tests were also conducted for samples with alternative perforation distributions. Figure 2 shows the patterns for three of them, namely, homogeneous (dist1), corner-concentrated (dist2), and aleatory (dist3). A center-concentrated distribution (dist4) was also used for perforation opening sequences that did not follow the pattern of Figure 1 , but rather surrounded the central one (01).
The variations in the thickness of the air cavity was determined by the position of the rigid backing, since the measuring method applied demanded a steady position for the front of the samples, in this case the external surface of the perforated panels. The sample cavity of the experimental apparatus imposed a maximum of 287 mm for the air cavity thickness. The tests performed in smaller air cavities required a 30-mm-thick square board-used as a rigid backing-with sides measuring 300 mm.
Two 50-mm-thick squared boards composed of mineral wool (density of 64 kg/m 3 ) and covered with fabric, both with sides measuring 300 mm, were used in order to analyze the influence of the porous material in the acoustic performance of the absorbers. Tests were conducted at times inserting only one of these boards into the samples, at other times inserting both of them (for a total thickness of 100 mm). In both scenarios, the material could be positioned either on the perforated panel or on the rigid backing. The boards dimensions guided the choice of a minimum of 85 mm for the samples' air cavities thickness. Figure 3 shows a photograph of the sample cavity of the apparatus, with a perforated panel placed on the reference plane, a board made of porous material placed on the perforated panel, and the rigid backing forming the air cavity. It also shows an illustrative scheme of a sample in a threedimensional view, indicating the assembly dimensions. 
Method and experimental setup
The transfer function method, as described in the standard ISO 10534-2, 26 was used to obtain the sound absorption coefficient for each variation of the Helmholtz absorber analyzed. A specialdimensioned squared cross-section impedance was employed as the experimental setup. The construction followed the requirements of the standard, which guarantee results with maximum bias uncertainties estimated at 1% in magnitude and 0.6° in phase. 30 Considering other error sources, a 10% relative expanded uncertainty is estimated for the system. 31, 32 The choice for the squared cross-section (which is contemplated by the standard) was based on a survey that revealed it to be relatively simpler and cheaper to build. The tube dimensions (shown later in the illustration of Figure 5 ) were chosen in order to meet the frequency range of interest . The equipments used were as follows: DBX microphones (RTA-M: flat relative response up to 5 kHz); PreSonus audio interface (AudioBox 44VS: 24-bit, 96 kHz audio quality); LAB.GRUPPEN signal amplifier (LAB 300); JBL speaker (GTO1014D subwoofer: 25-400 Hz frequency response); and microcomputer (Ubuntu 16.04 operating system equipped with Gnu Octave software). A swept sine wave with sampling rate of 44,100 Hz was employed as input signal. According to Oldfield and Bechwati 33 study, in addition to meeting the standard requirements, this type of signal "has many benefits concerned with time, harmonic distortion and measurement errors." After applying the necessary mathematical manipulations on the 10-s recorded responses (average of three measurements for each microphone position; noise removal windowing-which resulted in a time vector of size 14,995; and Fourier transform), the final resolution frequency (transfer function resolution) was 2.95 Hz.
The transfer function method computes the ratio between the signals recorded at two positions along the tube length. However, in order to obtain quality results in broad frequency ranges, the method requires at least two different signal ratios, which can be obtained by assigning three positions to the microphones. In general, commercial impedance tubes have three calibrated microphones, all fixed in positions that guarantee quality results in the 100-to 3000-Hz frequency range, approximately. For the impedance tube employed in the present work, only two microphones were used, both free to be installed in three different positions: m 1 , m 2 , and m 3 . Consequently, the tests were divided into two groups: one for the 25-to 85-Hz frequency range (microphones at m 1 and m 3 ), and another for the 85-to 280-Hz range (microphones at m 2 and m 3 ). This implies different input parameters for the audio interface and for the signal processing script, requiring a calibration of the system prior to each test group, namely, adjustment of input and output signal amplitudes. In addition, it was necessary to present the results on separate graphs according to the frequency range (except the graph of Figure 18 , in which the curves refer to the connection between absorption maxima and could be plotted in the full frequency range).
The applied method returns sound absorption coefficients computed for normal incidence. Since the absorber performance in the control of the acoustic modes is here analyzed mainly in terms of their operating frequency, corrections for oblique incidence were not performed in this case (this kind of analysis is listed in the end of the present paper as one of the suggestions for further research). This choice becomes more consistent with the axial modes restriction considered for the study, since they are formed in the directions perpendicular to the respective surfaces. Figure 4 shows a photograph of the experimental setup. Figure 5 shows an illustrative scheme of the experimental setup, with indications for the impedance tube dimensions, equipment used, and microphone positions.
Overview of the experimental investigation
High impedance sample. The general performance of the apparatus was evaluated testing a known high-acoustic impedance sample. A 30-mm-thick square board with sides measuring 300 mm (the same board that configured the rigid backing of the absorber samples) was used for this purpose. Such material has sound absorption coefficients close to zero throughout the entire extension of the considered frequency range, a characteristic that served as an indicative of experimental quality. This procedure was performed before each test group, thus supporting the calibration above mentioned.
Effects of the perforation filling (dowel) system. The opening rate variation system had also to be evaluated, since filling the perforations with dowels could affect the performance of the samples. With that in mind, comparative tests were conducted for the samples with 287-mm-thick air cavities and opening rates of 1.48 and 1.71%. Two types of panel were used for both opening rates: the single panel employed for the absorber samples, in which the perforations were filled according to the main distribution pattern ( Figure 1) ; and a blank panel with the exact number of perforations, which were also distributed following the main pattern.
Effects of the perforation distribution patterns. In order to investigate the effects of panel perforation distribution on the results (which include asymmetry and interaction between perforations), tests were conducted for samples with the three alternative distributions (homogeneous, corner-concentrated, and aleatory) shown in Figure 2 . For these tests, the air cavity thickness and opening rate were both kept constant (287 mm and 1.25%, respectively).
Opening rate and air thickness variations. In order to understand the experimental performance of Helmholtz absorbers in their simplest configuration (i.e. without the application of porous material), measurements of the sound absorption coefficient were conducted for two scenarios: variation of the samples' opening rate (0.08%-3.82%), with the air cavity thickness kept constant in the minimum considered (85 mm), and variation of the samples' air cavity thickness (50-287 mm) with constant opening rate (0.31%).
Following some results that were obtained in the previous investigation and assuming that 200 mm might be the maximum desired thickness for the air cavity (commonly the maximum dimension when it comes to commercial acoustic solutions), other tests seeking better results for frequencies under 35 Hz were conducted for samples with one and two perforations (with respective opening rates of 0.08% and 0.16%) and air cavities with thickness ranging between 85 and 200 mm.
Porous material application. In order to understand the influence that the use of porous material has in the performance of the Helmholtz absorbers, tests were conducted for samples with 85-mmthick air cavities, varied opening rates (from 0.08% to 3.82%), and a 50-mm-thick porous material board positioned both on the rigid backing and on the perforated panel. In addition, based on some results obtained with this last configuration, it was deemed relevant to repeat the tests related to the lower frequency range (opening rates ranging from 0.08% to 1.09%), except this time for samples with the center-concentrated perforation distribution (dist4).
The effects of positioning the porous material on the panel for samples with thicker air cavities (consequently, with lower resonant frequencies) were also analyzed. For this purpose, the maximum air cavity thickness provided by the experimental apparatus (287 mm) was employed, which allowed tests with one and two boards of porous material (thicknesses of 50 and 100 mm, respectively). Once again, the experimental investigation was conducted for samples with several opening rates (0.31%-1.95%).
The sound absorption coefficient of the 50-mm-thick porous material board was also obtained. In order for the material to be tested as a sample, the face of the board had to be positioned on the reference plane, immediately followed by the rigid backing. The result was plotted in a comparative graph in the "Discussion" section.
Results
High impedance sample
The graphs of Figure 6 show the results obtained when testing the rigid backing positioned at the reference plane (used as sample). It is possible to notice that the sound absorption coefficients are smaller than 0.1 for the entire range tested. Specifically, the graph of Figure 6 (a) reveals a drop in the absorption for frequencies lower than 30 Hz, a range that even provided negative values.
The graphs in Figure 7 show the maximum absolute percent deviation spectra obtained for the three measurements with the rigid backing used as sample, for both frequency ranges tested. It is 
Effects of the perforation filling (dowel) system
The graphs of Figure 8 show the results obtained for samples with 287-mm-thick air cavities and two types of panel: single and blank (as described earlier). For each type of panel, opening rates of 1.48% (graph a) and 1.71% (graph b) were employed. The results show that the deviation between the curves is more accentuated for the region lower than 30 Hz, for both configurations tested.
Effects of the perforation distribution patterns
The graphs of Figure 9 show the results obtained for samples with 287-mm-thick air cavities, opening rate of 1.25%, and with the homogeneous (dist1), corner-concentrated (dist2), and aleatory (dist3) perforation distributions. It is noted that the overall behavior of the curves is maintained for the three distributions, with a more accentuated deviation for the aleatory distribution (dist) in the range below 35 Hz. 
Opening rate and air cavity thickness variations
The graphs of Figure 10 show the results obtained for samples with 85-mm-thick air cavities, and with opening rates assuming values between 0.08% and 3.82%. It is noted that the opening rate variation results in sound absorption coefficients with peaks higher than 0.8 for frequencies between approximately 45 and 100 Hz. In the case of ranges between 30 and 45 Hz and between 100 and 280 Hz, there is a decrease in the sound absorption coefficient peaks that goes as low as 0.5, approximately.
The graphs of Figure 11 display the results obtained for samples with opening rate of 0.31%, and air cavity thickness varying between 50 and 287 mm. It is possible to see that the peaks of the sound absorption coefficients are higher than 0.8 (predominantly higher than 0.9) for all samples, with resonant frequencies varying between 30 and 80 Hz.
The graphs of Figure 12 reveal the results obtained for samples with opening rates of (a) 0.31% and (b) 0.16%. Three different air cavity thicknesses were applied for each opening rate. Based on the graphs, it becomes clear that it is possible to obtain sound absorption coefficients with peak above 0.8 in the 30 Hz region using absorbers with air cavity no thicker than 200 mm. The absorbers configurations tested present sound absorption coefficients that reach peaks between 0.6 and 0.7 for the lowest frequencies considered. 
Porous material application
The graphs of Figure 13 share the results obtained for samples with 85-mm-thick air cavities and with opening rates assuming values between 0.08% and 3.82%, plus a 50-mm board of porous material placed on the rigid backing. It is possible to conclude that the opening rate variation results in sound absorption coefficients with peaks higher than 0.8 for frequencies between approximately 45 and 220 Hz.
The graphs of Figure 14 display the results obtained for samples with 85-mm-thick air cavities, opening rates assuming values between 0.08% and 3.82%, and a 50-mm board of porous material placed on the perforated panel. It is possible to observe that for low opening rates (and therefore for low frequencies), there is no tendency of an increase in the magnitude of the peaks and in the resonant frequency. It is also noted that all samples with resonant frequency up to 100 Hz showed absorption coefficients lower than 0.8. The graph of Figure 15 (a) reveals the results obtained for samples with 85-mm-thick air cavities, opening rates assuming values between 0.08% and 0.47%, 50 mm board of porous material placed on the perforated panel, and perforations following the center-concentrated distribution. It is noticeable that, for this distribution pattern, there is also no tendency of an increase in the magnitude of the peaks and in the resonant frequency. Graph of Figure 15 (b) compares the results obtained with these sample configurations for both distribution patterns tested (homogeneous and center-concentrated). In this case, the curves connect the absorption peaks obtained.
The graphs of Figure 16 reveal the results obtained for samples with 287-mm-thick air cavities, one and two boards of porous material positioned on the panel (50 and 100-mm-thick, respectively), and varied opening rates. A certain randomness is observed in the absorption spectra. For some samples, the shape of the curves does not even allow visual estimation of the respective resonant frequency. 
Sample selection
The graphs of Figure 17 demonstrate the sound absorption coefficients obtained for a sample selection of 85-to 200-mm-thick air cavities with opening rates varying between 0.08% and 3.82% (that correspond, respectively, to 1 and 49 perforations) and with a 50-mm-thick board of porous material placed on the rigid backing for most cases, in both frequency range analyzed. It is possible to notice that the selected samples presented sound absorption coefficient peaks that sweep the entire spectrum range with values higher than 0.8, with the exception of the 25 Hz region, where the sample presented a sound absorption coefficient between 0.6 and 0.7. Even for frequencies around the peaks, the curves overlap in regions that present values higher than 0.8 for almost the entirety of the spectrum. 
Discussion
High impedance sample
The general performance of the apparatus can be evaluated using the results obtained when employing the rigid backing as a sample ( Figure 6 ). Some sound absorption throughout the spectrum should be expected even with the use of a high-acoustic impedance sample, due to both the sound absorption of the material itself and the losses in sound energy that occur during the wave propagation along the tube. Nevertheless, this sound absorption should not present elevated coefficients, seeing this phenomenon would indicate the possibility of divergences between the results and the actual acoustic behavior of the samples. As stated by Oldfield and Bechwati, 33 "depending on the sample being tested this can cause an increase in the measured absorption in the very low frequency range, however these effects are only appreciable in samples with very low absorption coefficients in this region" (p. 10). Since the sound absorption coefficients obtained were smaller than 0.1 for the entire range tested (Figure 6 ), the apparatus was considered fit to serve the general needs of the research.
Specifically for frequencies lower than 30 Hz, there is a drop in the sound absorption coefficient that even reaches negative values. Although this is a region of the spectrum contemplated in the design of the apparatus, this may occur due to external factors, including the frequency response of the sound source and the vibro-acoustic effects that propagate along the tube structure. Consequently, the analysis of the results obtained for such region demands special attention, which can be supported by the uncertainties estimated for the results.
Effects of the perforation filling (dowel) system and distribution patterns
Considering uncertainties of up to 10% along the spectrum, the results shown in the graphs of Figure 8 are comparable, which indicates that the perforation filling system does not affect the acoustic performance of the samples tested, regardless of the configuration. It is observed that the most severe deviations are located in the frequency range below 30 Hz, a region in which the apparatus does not guarantee consistent repeatability. This same conclusion can be extended for the comparison between the perforation distribution patterns (Figure 9 ). It can be stated that for the absorber configurations tested, the respective sound absorption coefficients are independent of the perforation arrangement on the panel. This result is in agreement with the finding of Bolt. 1 According to the author, "… interaction between holes will become insignificant if the spacing of the holes is less than two-hole diameters" (p. 919). On the contrary, the limits of these results should be investigated-it is unlikely for a corner-concentrated distribution to return the same coefficients as a homogeneous distribution for panels of areas much larger than those considered for the samples (300 × 300 mm). As an example, for an absorber with 900-mm-long panel sides, with perforations 9.5 mm in diameter and 19 mm (two diameters) apart, the same 1.25% aperture rate can be achieved by allocating 144 perforations along the edges of the panel. This results in an absorber with a considerable reflective area, which probably influences the respective absorption spectrum.
Opening rate and air cavity thickness variations
The results obtained for samples with varied opening rates and air cavity thicknesses showed that the union between these geometric parameters can configure absorbers with sound absorption coefficients around 0.7 in the range between 25 and 30 Hz, and higher than 0.8 in the range between 30 and 100 Hz, as observed in the graphs of Figures 10-12 .
Specifically, the graphs of Figures 11 and 12 indicate that it would be possible to obtain sound absorption coefficients with magnitude around 0.8 for frequencies lower than 30 Hz, provided that the absorber comprises an air cavity thicker than 200 mm. On the contrary, when dealing with solutions built to be applied to small rooms, absorbers with total thickness around 300 mm (sum of the air cavity, panel and rigid backing thicknesses) might not be interesting due to the amount of room they require to be installed, even considering the fact that these absorbers are employed to reduce the acoustic energy of the mode that corresponds to the longest dimension of the room.
Lowest frequencies problem
Souza and Patraquim 21 conclude that the improvement obtained in the acoustic mode frequency regarding the longest dimension of the room is, in general, not substantial, due to the fact that the lowest tune frequency of the considered solutions revolves around 40 Hz, while the mode frequency relative to the longest direction presents frequencies around 25 Hz. In this region, the absorbers envisioned by the two authors present sound absorption coefficients close to 0.1, mostly because only the tail of the curves can reach this area. The results collected on this research show that it is possible to obtain sound absorption coefficients close to 0.7 for the region mentioned above. This difference is mostly due to the maximum thickness considered for the air cavity. The authors propose a cavity no thicker than 95 mm (Table 1) . However, the data here presented show that thicker cavities are essential to proper tune the Helmholtz absorbers in the lowest frequencies considered. Although this investigation intends to discuss acoustic corrections designed for small rooms, it is clear now that 200-mm-thick absorbers present an overall performance that compensates the need for more room.
Porous material application
The analysis of the graphs of Figures 10, 13 , and 14 elucidates that the sound absorption coefficient peaks are higher in magnitude for samples with porous material positioned on the rigid backing, in the entire spectrum considered. In Figure 14 , the graphs show that the tuning band of the absorbers is broader for samples with porous material positioned on the perforated panel, and the broadening effect appears to be proportional to the opening rate. Figure 14 also reveals that for low opening rates (and therefore for low frequencies), the increasing tendency of the peaks magnitude and the resonant frequency is no longer observed for samples with porous material positioned on the panel. Judging such phenomenon could have occurred due a lack of homogeneity of the porous material board; further tests were conducted for samples with perforations concentrated on center of the board (Figure 15(a) ). The different results obtained from different distribution patterns observed in the graph of Figure 15(b) , which are up to 25% (and therefore above the estimated uncertainties for some samples), reinforces the porous material nonhomogeneity hypothesis.
The graphs of Figure 16 show that the break in the curve evolution pattern observed in the results of Figure 14 is also observed for samples with a thicker air cavity. The presumption of the inhomogeneity of the porous material boards is therefore maintained. In addition, it is noted that the positioning of porous material on the panel also increases the tuning band and decreases the magnitude of the sound absorption coefficients. This last phenomenon revealed itself to be proportional to the total thickness of the applied porous material board. Figure 18 was designed to provide clarity and a visual comparison. The plotted curves connect the sound absorption coefficient peaks obtained from varying the 85-mm-thick air cavity samples in three different scenarios: without any porous material, with a 50-mm-thick board of porous material placed on the rigid backing, and with a 50-mm-thick board of porous material placed on the perforated panel, for both main and center-concentrated perforation distribution patterns. The same figure shows the sound absorption coefficient curve for the 50-mm board used as sample (placed at the reference plane followed by the rigid backing).
The analysis of the graph of Figure 18 (a) confirms that the placement of the porous material on the panel increases the sound absorption coefficient peaks for frequencies higher than 125 Hz, although the results still remain lower (or equal) for the entire frequency range analyzed than when the material is placed on the rigid backing. The graphs of Figure 18 (b) and (c) show how the use of porous material shifts the sound absorption coefficient peaks to lower frequencies (the black lines connect the peaks that are relative to curves of equal opening rate).
Porous material positioning
Among the discrepancies between the present work and the theoretical investigation led by Souza and Patraquim, 21 the most significant might refer to the optimal position of the porous material. It has been experimentally demonstrated that absorbers with porous material placed on the perforated panel are not effective for low opening rates. The placement of porous material on the rigid backing provided higher sound absorption coefficients for all tested samples, even the ones with higher opening rates. It can be argued that the increase of the tuning band noted for samples with porous material positioned on the panel might be more desired for modal control, since an increase in the range of action would require a smaller amount of variations of absorbers to be applied in a certain direction of the room. That is, each variation could fill larger areas on the surfaces orthogonal to the direction considered. In this sense, however, the optimization of a single solution must provide a sound absorption which comprises multiples of the fundamental modal frequency with relevant magnitudes.
Let's suppose a threshold room with dimensions 2 × 4.5 × 7 m 3 (volume of 63 m 3 ). The graph of Figure 19 shows the frequency response of the room when the sound source and receiver are both positioned directly on the floor on one corner, where all modes are theoretically excited and detected. 34 The vertical lines indicate the frequencies of the first three axial modes of each direction, and their colors vary according to the direction considered. Taking into account the longest and shortest dimensions, it is noted that for a solution to be optimized by the widening of its tuning band, its absorption should effectively comprise at least pairs of consecutive frequencies within the groups 24.5, 49, and 73.5 Hz, and 86, 172, and 258 Hz (the 258-Hz frequency is outside the visualization allowed by the software, but it can be computed just like any other by the analytical model).
Under such conditions, only one sample tested in the present work would be efficient to absorb more than one modal frequency in the same direction-the 287-mm-thick air cavity absorber with an opening rate of 1.95% and with the porous material positioned on the panel. As can be seen in the graph of Figure 16 , this variation presented sound absorption coefficients higher than 0.8 for frequencies of 49 and 73.5 Hz. In other scenarios, the tested absorbers present coefficients lower than 0.7 for frequencies of at least two axial modes of each room's direction. It is clear that the analysis of the chosen threshold room does not cover all possible situations, but it is thought possible to ascertain that, for most cases, the porous material should be preferably positioned on the rigid backing. Tables 2 and 3 present the comparisons between the resonant frequencies experimentally obtained and evaluated through the theoretical model. The respective percent deviations are also shown. Table 2 refers to the results obtained for samples with varied air cavity thicknesses and opening rates (Figures 11 and 12) . Table 3 refers to all results obtained for samples with 85-mm-thick air cavities (Figures 10 and 13-15) . The resonant frequencies of samples with thick air cavities and with porous material placed on the panel ( Figure 16 ) were not computed, since most of the respective sound absorption coefficients did not present a tuned shape. The largest deviations were obtained for absorber configurations with porous material positioned on the panel that reached percentages of up to 29%. The most significant alignments between the present experiments and the design equation were observed for samples without the application of porous material, indicating the need for a more accurate modeling of the characteristics of the mineral wool board.
Comparative theoretical-experimental analysis
In general, it is possible to conclude that the porous material application compromises the prediction of the absorber behavior, in comparison with both the theoretical resonant frequencies (phase) and the progression of the absorption curves (magnitude and shape) resulting from the parameters variations (this last observation refers specifically to the material positioned on the panel). It is noted that these deviations are prominent even considering the uncertainties estimated for the measurements.
Overview
The development of a tunable Helmholtz absorber to be employed in the modal control of small rooms depends on a more market-oriented approach, one that focuses not only in the products efficiency but also on the more practical aspects of its production and use. Based on the results here 21 According to the graph of Figure 17 , a possible single solution could be achieved if the absorber offered four fixed positions for the perforated panel (85, 130, 160, and 200 mm from the rigid backing) and a system that allowed users to freely change the panel opening rate (from 0.08% to 3.82%). For these configurations, it has been shown that it would be possible to reach absorption coefficients predominantly higher than 0.9 (or predominant higher than 0.8 considering the estimated uncertainties) in the range between 30 and 250 Hz. Obviously, the viability of the single solution here proposed would have to be confirmed by further testing the overall in situ performance of the device, which includes a study on the relation between modal field and the amount of absorbers required (or the required absorption/application area). This type of study is essential to define the ideal dimensions of the single solution. To do that, it should contemplate a balance between ease of handling (a large solution may be impractical for transport and installation) and influence in the modal field. As the depth of the solution is pre-established (15 mm panel + 200 mm maximum air cavity), this definition is summarized by the choice for the perforated panel area, which determines the number of perforations and is intrinsically linked to the previously performed discussion on distribution patterns.
It was shown that the variation in opening rate can be obtained with the simple system used for the tested samples: filling the unnecessary perforations with dowels. Compared with the system intended by Souza and Patraquim 21 (panel overlapping), the dowel system has the advantage of not influencing the dimensions of the absorber, which also ensures an untainted acoustic performance.
The rigid backing used for the samples was a 30-mm-thick MDF board. Regarding the single solution, the extra weight added by such thickness may be undesirable, even if an area equal to those of the samples is adopted (300 × 300 mm 2 ). Therefore, an investigation must be carried out to obtain the lower board thickness limit that does not affect the performance of the solution. In addition, this investigation can contemplate the possibility of making the application surface work as the rigid backing. For this, the actual different types of surface finish available should be considered. Figure 20 shows an illustrative scheme of the exemplified single solution in a three-dimensional view. For this purpose, the area of the panel is being considered equal to that of the one used for the samples (implying a maximum of 49 perforations). The absorber box is shown disassembled for internal viewing. The white circles in the perforated panel indicate the filled perforations. The black circles, therefore, indicate the perforations that define the opening rate of the configuration. The porous material was left out of the absorber. The four predetermined positions for the perforated panel are also shown.
Suggestions for further research
As previously stated, the overall in situ performance of the proposed solution would have to be confirmed through a case study. The results would potentially contribute to the discussion of the optimal positioning of the porous material within the absorber and of the need for a more in-depth analysis of the results concerning oblique incidences. Along with further experimental investigations on the role of the perforation patterns and the homogeneity of the porous material board in determining the sound absorption coefficients, these studies could eventually make up the base for new comparisons between theory and practice. Other equally important possibilities for future researches would be a further investigation on the ideal thickness for the rigid backing (balance between handling and efficiency) and on the benefits of assigning the role of the rigid backing to the application surface.
Conclusion
The experiments performed on varied samples of Helmholtz absorbers revealed that a single acoustic solution can control the frequencies corresponding to the modes with highest acoustic energy (three first acoustic modes of each direction) of small rectangular rooms (volumes ranging from 20 to 60 m 3 ). In order for it to cover the considered frequency range (25-280 Hz) with sound absorption coefficients predominantly higher than 0.8, it has been shown that this solution must feature a constant 15-mm-thick panel, a constant 9.5 mm perforation radius, an adjustable air cavity (85-200 mm), and opening rate (0.08%-3.82%), and that it must be able to receive application of 50-mm-thick porous material boards. It has also been shown that, for most cases, the application of porous material provides better results when the board is positioned on the rigid backing.
The construction of this type of solution, traditionally done on a case-by-case basis, can be optimized through the development of a single absorber with adjustable geometric configurations and composed of low cost, easily accessible materials. Nevertheless, the development and in situ performance of such device still requires further experimental acoustic investigations. 
